To determine utility of procalcitonin (PCT) for the prediction of bacterial infection in critically ill children, we analysed the relationship between serum PCT, cultures and other laboratory markers of bacterial sepsis or viral infection in a tertiary paediatric intensive care unit (PICU). The outcome measures were levels of PCT in proven bacteraemia, pneumonia and viral respiratory infection; and comparison of PCT to immature to total neutrophil ratio (ITR) in prediction of bacteraemia. In 420 children with suspected sepsis, 1,226 serum PCT levels were analysed. Children with bacteraemia had a higher median PCT (2.03 ng/ml, interquartile range [IQR] 0.67-42.4) than those who did not have bacteraemia (0.82 ng/ml, IQR 0.295-2.87) (P=0.033). PCT was a significant but only moderate predictor of bacteraemia (AUC 0.65). In 866 episodes of suspected sepsis where paired PCT and ITR were performed, the median ITR in children with bacteraemia was 0.19 ng/ml (IQR 0.04-0.35), and the median PCT was 6.5 ng/ml (IQR 0.71-61.8). PCT was a marginally better predictor of bacteraemia (AUC 0.69) than the ITR (AUC 0.66). In children with viral respiratory tract infection only, the median PCT was 1.26 ng/ml (0.35-5.5), and in those with likely bacterial pneumonia the median PCT was 0.80 ng/ml (IQR 0.28-1.70). In a heterogeneous population of children in a tertiary PICU, PCT measured at a single timepoint was a moderate predictor of proven bacteraemia. In our population PCT did not reliably identify localised bacterial infection or distinguish bacterial from viral respiratory infection.
Introduction
Sepsis is a common diagnosis in critically ill children admitted to hospitals and intensive care units 1 . Severe sepsis in children is defined by clinical features and laboratory markers; but clinical signs are non-specific, show wide interobserver variability, and most do not discriminate between viral and bacterial infection or other causes of inflammation 2 . Clinical signs of bacterial sepsis in children in intensive care can often be masked, blunted, or explained by non-infective inflammation making the identification of the child requiring antibiotics difficult. The difficulties in distinguishing bacterial from viral infection have important implications for antibiotic use.
Procalcitonin (PCT), a peptide prohormone of calcitonin 3 , has been investigated as a biomarker of sepsis in clinical settings including neonatal intensive care 4 , paediatric 5 and adult intensive care [6] [7] [8] , burns and trauma [9] [10] [11] and following cardiopulmonary bypass 12 . PCT levels are quick to rise (6-12 hours) after an infection develops, and fall in concentration within 24 hours of control of the infection 3 .
While there are many studies and meta-analyses of the predictive value of PCT for bacterial sepsis in adult intensive care units 13, 15, [17] [18] [19] [20] [21] [22] , emergency departments 23 and in neonatal intensive care 3, 24, 25 , data from paediatric intensive care unit (PICU) populations are limited. Specifically, predictive thresholds for bacteraemia and other bacterial sepsis have not been established in such settings.
In the first year of use of PCT in our PICU, we aimed to establish predictive thresholds in the broad PICU population for bacteraemia, and for bacterial infection in other sites, and to determine whether PCT distinguishes bacterial from viral infection, particularly in acute lower respiratory tract infection. We also aimed to compare the predictive power of PCT for bacterial sepsis with the standard biomarker used in our institution, the immature to total neutrophil (ITR) ratio in peripheral blood.
Methods
We analysed all serum PCT concentrations measured over a period of 13 months from April 2012 to April 2013 inclusive. We included all PCT values performed for cliniciansuspected sepsis in children admitted to the ICU. Clinical suspicion of sepsis or septic shock was based on standard definitions of paediatric sepsis 2 , and in such cases a blood culture, full blood examination, PCT and other investigations were usually performed. Children presenting with new onset fever, cough or increasing respiratory secretions, tachypnoea more than expected for age and/or radiological signs of consolidation were suspected to have pneumonia. A blood culture was taken and, if the child was intubated, a broncho-alveolar lavage (BAL) was performed (see method below). All results were accessed from the laboratory database Clara (Mastercare Software Ltd, CA, USA). To compare the predictive power of PCT for microbiological outcomes, and to compare PCT with other biomarkers of sepsis, investigations were analysed if they occurred within a preset time frame of the PCT measurement. The preset time frames were based on a biologically plausible relation between investigations and evidence of bacterial or viral infection. The time at which the PCT was registered for testing in the laboratory was recorded as time 0. Full blood count (FBC) with ITR, blood, urine, and BAL cultures, other sterile site cultures, nasopharyngeal aspirates (NPA) for detection of respiratory viruses (influenza A and B, respiratory syncytial virus, parainfluenza 1 and 2 and human metapneumovirus) and Bordetella pertussis and other relevant investigations for viruses were recorded. Cultures from sterile sites where fungi were positive were also recorded.
BAL was performed using the Combicath® sheath-protected catheter (KOL Bio Medical Instruments, Chantilly, VA, USA). The Combicath consists of an inner catheter, which is protected from contact with the bio-film on an endotracheal tube.
The time frames for inclusion of investigations for ITR were -2 hours to +2 hours from time 0, blood cultures -24 hours to +24 hours, NPA -72 hours to +72 hours, other viral investigations -72 hours to +72 hours. This was based on the presumption that a blood, urine or BAL culture result within a 24-hour period and a virus isolated within 72 hours could be reasonably linked to a biomarker. Blood cultures and NPA beyond these times were not included as they may have had tenuous connection to any biomarkers.
A database was generated with this information using Excel spreadsheets. Data were checked for accuracy by random point checks by two individuals. Descriptive analysis of the demographic data was performed. PCT values in the various groups were described using median values (interquartile ranges, IQR). Stata version 12 was used for logistic regression analysis. Wilcoxon rank-sum test was used for comparison of non-normally distributed data.
Body fluid cultures positive due to possible contamination were excluded using the Centers of Disease Control (CDC) criteria 26 . Blood cultures positive with common commensals, i.e. diphtheroids (Corynebacterium spp. not C. diphtheriae), Bacillus spp. (not B. anthracis), Propionibacterium spp., coagulase-negative Staphylococci (including S. epidermidis), viridans group Streptococci, Aerococcus spp., and Micrococcus spp. were excluded unless the cultures were positive on separate occasions occurring within a 24-hour time frame. We used the CDC list of common commensals to exclude bacterial isolates on this basis 27 . For pneumonia with a culture-positive BAL, all results positive for upper airway flora contaminants were excluded.
A urinary tract infection (UTI) was defined if there was a positive urine culture of ≥10 5 colony-forming units (CFU)/ml with no more than two species of uropathogen microorganisms; or a positive blood culture with at least one matching uropathogen microorganism to the urine culture; or at least two matching blood cultures drawn on separate occasions if the matching pathogen was a common skin commensal. Microorganisms accepted as pathogenic organisms in classifying UTI were: Gram-negative bacilli, Staphylococcus spp., yeasts, beta-haemolytic Streptococcus spp., Enterococcus spp., G. vaginalis, Aerococcus urinae, and Corynebacterium (urease positive).
Our laboratory uses the Elecsys BRAHMS PCT method, which utilises immunoassay, for the in vitro quantitation of PCT in human serum and plasma. The normal reference range in healthy subjects is <0.06 ng/ml.
The Royal Children's Hospital Human Research Ethics Committee approved the study (approval number 32182A).
Results
In the 13 months between April 2012 and 2013 inclusive, there were 1,509 admissions to the ICU. The median age was 10.4 months (IQR 1.8-57.2 months). Among 420 patients who had one or more episodes of suspected sepsis (178 patients in cardiac intensive care and 242 in general intensive care) there were 1,226 serum PCTs performed. There were 866 FBC with ITR linked to the 1,226 PCT results. Seven hundred and fifty-seven blood cultures were taken; of which 34 were positive for bacterial pathogens and 37 grew contaminants. Ninety-six BAL were done, of which 34 were positive for bacterial pathogens and five grew contaminants. There were 23 other bacterial infections from a sterile site: urine 19, pleural fluid three and peritoneal fluid one. The aetiologic bacterial pathogens cultured in bacteraemia and bacterial pneumonia are displayed in Figures 1 and 2 respectively.
For the entire PICU group of patients with suspected sepsis the median PCT was 0.83 ng/ml (IQR 0.296-3). The values in various subgroups are demonstrated in a logarithmic scale in Figure 3 .
Prediction of bacterial infection in any site
There were a total of 88 proven bacterial infections (34 bacteraemia, 34 BAL-culture positive bacterial pneumonia, 23 bacterial infection from other sites). Two children had concurrent bacteraemia plus other site infection, and one child had pneumonia plus other site infection. Among the 88 episodes of proven bacterial infection at any site, the median PCT was 0.82 ng/ml (IQR 0.22-3.83), and among children with no culture-positive evidence of bacterial infection during the episode of suspected sepsis, the median PCT was 0.83 ng/ ml (IQR 0.3-3.0). 
Prediction of bacteraemia
Of the 1,226 consecutive episodes of suspected infection, 34 (2.7%) were due to blood culture-proven bacteraemia. Children with bacteraemia had higher PCT (median 2.03 ng/ml, IQR 0.67-42.4) than those who did not have bacteraemia (0.82 ng/ml, IQR 0.295-2.87), (Wilcoxon ranksum test, P=0.033). PCT was a significant but only moderate predictor of bacteraemia (area under the Receiver Operating Characteristics curve 0.65, logistic regression P=0.001) ( Figure  4) . A PCT of 2 ng/ml or more had an odds ratio (OR) for bacteraemia of 2.1 (95% confidence interval [CI] 1.04-4.1), (P=0.037). The OR was similar if the PCT threshold was 1 ng/ ml, with an OR 2.2 (95% CI 1.1-4.6).
Comparison of PCT with other biomarkers
Among the 1,226 episodes of suspected sepsis, paired PCT and ITR were done in 866 episodes. Among these there were 22 episodes of bacteraemia (2.5%). The median ITR in children with bacteraemia was 0.19 (IQR 0.04-0.35), and the median PCT was 6.5 ng/ml (IQR 0.71-61.8). PCT was a marginally better predictor of bacteraemia than the ITR in this subgroup of patients in whom paired investigations were available (see multivariable regression, adjusted P=0.007 for PCT as predictor of bacteraemia) ( Figure 5 ). In this subpopulation, a PCT of 1 ng/ml had an adjusted OR for bacteraemia of 2.9 (95% CI 1.1-7.4), (P=0.03).
Prediction of localised bacterial infection at other sites
Twenty-three children had bacteria cultured from other sterile sites (urine, peritoneal fluid, pleural fluid or CSF). Two had coexisting bacteraemia and one had a positive BAL fluid culture. In the 20 children with no bacteraemia or bacterial pneumonia the median PCT was 0.26 ng/ml (IQR 0.17-0.35). The numbers are small but PCT did not reliably identify these localised bacterial infections.
PCT in viral infections
One hundred and eight children had a virus identified from nasopharyngeal aspirate or other samples (including stool and blood). In this group, the median PCT was 1.43 ng/ ml (IQR 0.47-8.31). However of these, 15 (10 BAL-positive Thirty-four children had bacterial pathogens cultured on BAL; among these children the PCT was 0.80 ng/ml (IQR 0.28-1.70); this was not different from children in whom no bacterial pathogen was isolated.
Discussion

Interpretation of results
In our study PCT predicted bacteraemia, but did not predict the presence of localised bacterial infection at any site, nor did PCT reliably distinguish between bacterial and viral respiratory tract infection, at least as well as we could identify using microbiological isolation. This heterogeneous paediatric population in our PICU includes general intensive care, cardiac and general surgery, malignancy, transplant, burns and extracorporeal therapies. Non-infective inflammatory stimuli in this population include trauma, surgery, cardiopulmonary bypass, extracorporeal life support or immunosuppression, and these factors may influence biomarker normal values and response to infection.
PCT in viral infections
PCT was a significant but only moderate predictor of bacteraemia (Figure 3 ). Children with bacteraemia had higher PCT than those who did not have bacteraemia and those who had localised bacterial infection including BAL-positive pneumonia. The results were similar to those observed by Kim et al 30 and Moulin et al 31 where patients with bacteraemia had a higher PCT than those with localised infection. Rey et al observed that the median plasma PCT concentration was <1 ng/ml in critically ill children with no infection. The levels were 1.80, 15.40 and 19.13 ng/ ml in children with sepsis, severe sepsis, and septic shock, respectively 32 .
Muller et al showed that PCT could predict bacterial infection in emergency department admissions presenting with pneumonia. They proposed that use of PCT measurement might reduce the number of blood cultures drawn in the emergency department and PCT might be used to implement more targeted allocation of healthcare resources. They proposed that using a PCT cut-off of 0.1 ng/ml as a threshold for blood cultures would reduce the total number of blood cultures by 12.6% and still identify 99% of the positive blood cultures 35 . We found that there exists a significant overlap in PCT values below 1 ng/ml, and that localised bacterial infections can have low PCT values. This could be due to population differences in responses to infection.
In another study, a predictive score for sepsis in adults presenting to the emergency department was better with the addition of PCT 23 while Jones et al found only moderate predictive capability in a meta-analysis of the same concept 18 . This meta-analysis comprised 18 studies finding that the diagnostic performance of PCT was low and could not reliably differentiate sepsis from other non-infectious causes of systemic inflammatory response syndrome in critically ill adults 18 . A subsequent review with 30 studies concluded that PCT was beneficial in identifying bacterial infection 20 .
Thresholds for procalcitonin
We distinguished no difference in the predictive power of PCT at a level of 1 ng/ml than at 2 ng/ml. A meta-analysis in critically ill adults and children suggested that a cut-off of between 1.0 and 2.0 ng/ml is helpful for discriminating patients with sepsis from other inflammatory conditions, which is consistent with our data 20 . It is difficult to derive one cut-off value to predict serious bacterial infection. The value may depend on the severity of illness, prior antibiotic therapy, comorbid conditions and laboratory method of estimation. Normal values of PCT are very low in children with no infection, with the exception of neonates where there is a physiological peak at around 24 hours of life and the values return to normal values around 48 to 96 hours of life 24, 25 . PCT is high in severe sepsis and septic shock in children 36 . The intermediate values probably lie along a spectrum, the lower end of which suggests some systemic inflammatory response, viral and localised bacterial infection, and the upper end suggests serious bacterial infection with bacteraemia and often shock.
Bacterial versus viral infection
In our study PCT performed poorly to predict localised bacterial infection and failed to discriminate it from viral infection. Toikka et al found higher PCT in bacterial pneumonia in comparison to viral pneumonia but found a significant overlap in the values with a poor discriminatory power 37 . Moulin et al observed that PCT concentrations were greater than 2 ng/ml in all bacteraemic patients with pneumonia, and pneumonia of viral causes had a mean PCT of 0.63 ng/ml. PCT values of greater than 1 ng/ml had more than 80% sensitivity and specificity to identify a bacterial pneumonia 31 .
Other inflammatory markers
The ITR reflects immature granulocytes in the circulation: band forms, myelocytes and metamyelocytes. This is a quantification of the 'left shift' sometimes reported on a blood film. Some hospitals simply use the band count as an indicator of bacterial sepsis risk. The ITR has been used in the diagnosis of neonatal sepsis [38] [39] [40] . Its utility in the paediatric age group has been examined 41, 42 . We have used ITR in the diagnosis of bacterial sepsis and antibiotic prescribing. We found that among the 22 episodes of bacteraemia (2.5% of cases) where paired PCT and ITR were available, a PCT >2 ng/ml was a marginally better predictor of bacteraemia than the ITR.
Strengths and limitations
The strength of this study is that it encompasses a large heterogeneous paediatric intensive care population. The study had a pragmatic design and an evidence-based approach to the definitions of sepsis. The aim was to evaluate the predictive capacity of PCT in bacterial sepsis in this broad population. Limitations of this study included the following: an average of 2.9 PCTs were measured per patient, with some long-stay ICU patients having more than five measurements. We treated all PCT levels as discrete episodes of possible sepsis. We considered PCT at time 0 as the reference point and used rules to include cultures -24 hours to +24 hours from time 0. This was done to narrow the window period where the PCT would reflect an accurate positive or negative culture result, but it is arbitrary.
Positive fluid cultures from sterile sites were taken as the gold standard for diagnosis of bacterial infection. However, culture-positive rates of localised bacterial infection are low. In patients with clinically suspected respiratory infection, a BAL was only done if the child required intubation for respiratory support.
In our unit we no longer use PCT to identify bacterial secondary infection among children who have clinical viral respiratory syndromes or NPA positive viral respiratory infection. We know that PCT in this group of patients for this particular indication has low predictive power. Children with viral lower respiratory tract infection are a large population in PICUs worldwide, but based on our data PCT will not assist in identifying those who need antibiotics. We still use PCT to identify bacteraemia in children with suspected sepsis, along with the ITR and clinical features. Most importantly we use PCT to help guide early cessation or scaling down of antibiotic therapy in children with an episode of suspected systemic sepsis. Having sensible antibiotic cessation rules at 48 hours based on negative cultures, a low PCT, and the clinical picture, can reduce antibiotic use in the PICU and reduce the risk of antibiotic resistance.
Conclusion
In a heterogeneous population of children in a tertiary paediatric intensive care unit, PCT was a significant but only moderate predictor of bacteraemia. However PCT did not reliably identify bacterial infection from other sites or distinguish viral from bacterial respiratory infection. PCT is a marginally better predictor of bacteraemia than ITR. In critically ill children there is no single biomarker that reliably predicts bacterial infection, or distinguishes viral from bacterial infection, so integrating epidemiological, clinical, and laboratory data (including PCT and ITR), remains the best approach to decision-making at the bedside.
